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Abstract. We investigate the effect of a braneworld expansion era on the relic density of
asymmetric dark matter. We find that the enhanced expansion rate in the early universe
predicted by the Randall-Sundrum II (RSII) model leads to earlier particle freeze-out and an
enhanced relic density. This effect has been observed previously by Okada and Seto (2004)
for symmetric dark matter models and here we extend their results to the case of asymmetric
dark matter. We also discuss the enhanced asymmetric annihilation rate in the braneworld
scenario and its implications for indirect detection experiments.
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1 Introduction
Despite the overwhelming astrophysical and cosmological evidence for the existence of Dark
Matter (DM) [1], very little is known about its particle nature. Many particle candidates
have been proposed which are capable of explaining the observational data yet none have
been conclusively verified. The data favour cold (non-relativistic) DM for which the most
popular theoretical candidates are WIMPs (Weakly Interacting Massive Particles) with mass
mχ ∼ O(10− 1000) GeV. Supersymmetric extensions of the Standard Model (SM) in which
R-parity is conserved provide a viable DM candidate, the neutralino, which is the lightest
supersymmetric particle formed from higgsinos and weak gauginos and is stable against decay
into SM particles.
A popular framework for the origin of dark matter is provided by the thermal relic
scenario; at early times, when the temperature of the universe is high, frequent interactions
keep the dark matter (anti) particles, (χ¯)χ, in equilibrium with the background cosmic bath.
As the universe expands and cools the dark matter interaction rate drops below the expansion
rate and the particles fall out of equilibrium. Eventually both creation and annihilation
processes cease, and the number density redshifts with the expansion. This is known as
particle freeze-out, and the remaining ’relic’ particles constitute the dark matter density we
observe today.
A combined analysis of the Planck satellite + WP + highL + BAO measurements gives
the present dark matter density as (68% C.L.) [2]
ΩDMh
2 = 0.1187± 0.0017, (1.1)
where h = 0.678 ± 0.008 and is defined by the value of the Hubble constant, H0 = 100h
km/s/Mpc.
Due to the Boltzmann suppression factor in the equilibrium number density, the longer
the DM (anti) particles remain in equilibrium the lower their number densities are at freeze-
out. Thus species with larger interaction cross sections which maintain thermal contact longer,
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freeze out with diminished abundances. Thermal relic WIMPS are excellent DM candidates
as their weak scale cross section σ ∼ G2Fm2χ gives the correct order of magnitude for ΩDMh2
for a standard radiation-dominated early universe. However, if the universe experiences a
non-standard expansion law during the epoch of dark matter decoupling, freeze-out may be
accelerated and the relic abundance enhanced [3, 31].
The physics of the early universe, prior to the era of Big Bang Nucleosynthesis (BBN),
is relatively unconstrained by current observational datasets. Dark matter particles, which
decouple from the background thermal bath at early times, carry the signature of these earliest
moments and therefore provide an excellent observational probe. If the properties of the dark
matter particles are ever discovered, either through direct/indirect detection experiments
or via particle creation in particle accelerators [4], then relic abundance calculations could
provide a valuable insight into the conditions of the universe prior to BBN.
The majority of dark matter models assume symmetric dark matter for which the parti-
cles are Majorana fermions with χ = χ¯, i.e. they are self-conjugate. Given that most known
particles are not Majorana, it is natural to consider asymmetric dark matter models in which
the particle χ and antiparticle χ¯ are distinct, i.e. χ 6= χ¯, and to assume an asymmetry
between the number densities of the DM particles and antiparticles. Indeed, a similar asym-
metry exists in the baryonic matter sector between the number of observed baryons nb and
antibaryons nb¯. This baryonic asymmetry is
ηb =
nB
nγ
=
nb − nb¯
nγ
≈ 6× 10−10, (1.2)
where nγ is the number density of photons. Several models have been proposed [5] that
relate the asymmetries in the baryonic and dark sectors. These models typically assume [6]
either a primordial asymmetry in one sector which is transferred to the other sector, or
that both asymmetries are generated by the same physical process such as the decay of
a heavy particle. Kaplan et al. [7] consider a baryonic B − L asymmetry generated by
baryogenesis at high temperatures that is transferred to the DM sector by interactions arising
from higher dimension operators which then decouple at a temperature above the DM mass
and freeze in the asymmetry. If the asymmetries in the dark and baryonic matter sectors share
a common origin then their number densities will be related nDM ∼ nb, as will their densities
ΩDM ∼ (mχ/mb)Ωb [7]. This could explain the approximate equality of the observed dark
and baryonic abundances (ΩDM/Ωb ∼ 5) and suggests a WIMP mass in the rangemχ ∼ 5−15
GeV. Interestingly, this mass range is favored by a number of observational datasets [8–10]
providing further motivation for asymmetric DM.
Cosmological, astrophysical and collider constraints on light thermal DM (mχ ∼1 MeV
- 10 GeV) have been examined by [11] for both symmetric and asymmetric models of DM
and [12] have considered flavour constraints on, and collider signatures of, asymmetric DM
produced by decays of supersymmetric particles in the minimal supersymmetric Standard
Model.
The relic abundance of asymmetric DM has been studied [13–15] in the standard cos-
mological scenario and for the non-standard quintessence scenario in which a non-interacting
scalar field is present in its kination phase. Gelmini et al. [15] also considered a simple
scalar-tensor cosmology parameterized as a multiplicatively modified Hubble expansion. The
enhanced expansion rate predicted by each non-standard scenario led to earlier particle freeze-
out and an enhanced relic abundance. As a result, the asymmetry between the particles and
antiparticles was essentially ’washed out’.
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In this study we consider the effect of an early time braneworld expansion era on the
present density of asymmetric dark matter. Braneworld models are toy models arising from
string theory where additional spacetime dimensions are incorporated in an attempt to unify
the fundamental forces of nature. In the braneworld scenario, our universe is modeled as a
3(+1) dimensional surface (the brane) embedded in a higher dimensional spacetime known as
the bulk. The standard model particles are confined to the surface of the brane whilst gravity
resides in the higher dimensional bulk. This offers an explanation for the apparent weakness
of gravity with respect to the other fundamental forces [16].
The effect of a braneworld expansion era on the relic abundance of symmetric DM
has been studied by [17–21]. They found that the modified expansion rate in braneworld
models led to earlier particle freeze-out and an enhanced relic abundance (provided the five-
dimensional Planck mass M5 is low enough), similar features to those of the quintessence and
scalar-tensor scenarios. We report here an extension of these studies to the case of asymmetric
DM.
In the next section we introduce the Randall-Sundrum type II braneworld model and its
relevant parameters. Then in section 3 we present the Boltzmann equations which describe the
time evolution of the asymmetric DM number densities and give both numerical and analytical
solutions for the braneworld case. We constrain the possible parameter combinations using
the observed DM density (1.1) in section 4 before discussing the asymmetric DM annihilation
rate and prospects for indirect detection of asymmetric DM in sections 5 and 6 respectively.
Finally we summarize our findings in section 7.
2 Braneworld model
In this work we focus on the Randall-Sundrum II (RSII) model [22] in which our universe is
realized on a 3(+1)-Minkowski brane with positive tension, located at the ultraviolet boundary
of the five dimensional anti-de Sitter bulk with cosmological constant Λ5 < 0. The expansion
rate in this model is given by the modified Friedmann equation,
H2 =
8pi
3M2Pl
ρ
(
1 +
ρ
2σ
)
, (2.1)
where σ = 48piM65 /M2Pl is the brane tension, the four-dimensional cosmological constant has
been fine-tuned to zero and M5 is the five dimensional Planck mass which we will treat as
a free parameter. The four dimensional Planck mass MPl = 1.22 × 1019 GeV is related to
Newton’s constant by G = M−2Pl . We have omitted the so-called ’dark radiation’ term ∝ a−4
(where a is the cosmic scale factor) because of the severe constraints on extra light degrees
of freedom at the time of Big Bang Nucleosynthesis [23].
A novel feature of (2.1) is the presence of the term quadratic in ρ. At high energies
(ρ  2σ) this term dominates the expansion and H ∼ ρ. Comparing this to the standard
scenario where HST ∼ ρ1/2 we see that the early time expansion rate is enhanced in the
RSII braneworld model. As the energy density drops (ρ  2σ) the quadratic term becomes
negligible and the standard expansion law is recovered.
Since the early universe is radiation dominated, the energy density is ρ ' ρr = pi2g?(T )T 4/30,
where g?(T ) counts the number of relativistic degrees of freedom at temperature T 1, and we
1Since the number of relativistic degrees of freedom g?ρ only differs from the number of entropic degrees
of freedom g? s when the temperature crosses a mass threshold, we take g?ρ ' g? s = g? throughout.
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can rewrite the modified Friedmann equation as
H2 = H2ST
[
1 +
(xt
x
)4]
, (2.2)
where H2ST = 8piρ/3M
2
Pl is the expansion rate for the standard General Relativity scenario,
x ≡ mχ/T and
x4t = g?
pi
2880
m4χ
M65
M2Pl. (2.3)
The parameter xt ≡ mχ/Tt denotes the transition point from the brane expansion era to the
standard expansion era. We note that smaller values of M5 give a larger xt and a greater
departure from the standard expansion history.
To preserve the successful predictions of Big Bang Nucleosynthesis we must ensure that
the standard expansion rate is restored before TBBN ' 1 MeV. This translates to a transition
point of xt . 105m100 where m100 is the DM mass in units of 100 GeV. In terms of the
parameter M5 we require M5 & 1.1× 104 GeV 2.
In order to modify the canonical relic abundance result the DM particles must freeze-
out before the standard expansion rate is restored. The standard freeze-out point xf ∼ 20
depends only logarithmically on the DM mass [25] whereas, from (2.3), the transition point,
xt, is proportional to the DM mass. The braneworld effects will therefore be more exaggerated
for larger masses. Conversely, if the DM mass is small, a larger transition point is required
to modify the relic abundance.
3 Asymmetric dark matter
3.1 Relic density
The relic density of asymmetric DM is obtained by solving the relevant Boltzmann equations
for the particle χ and antiparticle χ¯. Assuming that the only annihilation processes are those
of χχ¯ pairs into Standard Model particles, that is there is no self-annihilation involving χχ
or χ¯χ¯ pairs, the time evolution of the number densities nχ,χ¯ are given by the coupled system
of Boltzmann equations
dnχ
dt
= −3Hnχ − 〈σv〉
(
nχnχ¯ − neqχ neqχ¯
)
, (3.1)
dnχ¯
dt
= −3Hnχ¯ − 〈σv〉
(
nχnχ¯ − neqχ neqχ¯
)
, (3.2)
where H is the expansion rate of the universe, 〈σv〉 is the thermally averaged annihilation
cross section multiplied by the relative velocity v of the annihilating χχ¯ pair (loosely termed
the "annihilation cross section") and neqχ,χ¯ are the equilibrium number densities of the particle
and antiparticle components. Assuming the DM particles are non-relativistic at decoupling,
2More stringent constraints have been placed onM5 from sub-millimeter measurements of the gravitational
force and the requirement of a vanishing cosmological constant, however these constraints are sensitive to the
presence of a bulk scalar field [24] and will not be considered here.
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the equilibrium densities are
neqχ = gχ
(
mχT
2pi
)3/2
e(−mχ+µχ)/T , (3.3)
neqχ¯ = gχ
(
mχT
2pi
)3/2
e(−mχ−µχ)/T , (3.4)
where gχ is the number of internal degrees of freedom of χ and we have used the fact that,
in equilibrium, the chemical potentials µχ and µχ¯ satisfy µχ = −µχ¯.
The thermally averaged annihilation cross section is generally parameterized as
〈σv〉 = a+ bT
mχ
, (3.5)
where the constant term, a, corresponds to s-wave scattering and the temperature depen-
dent term, b, to p-wave scattering. Throughout this work we assume that annihilations are
dominated by s−wave processes and set b = 0.
It is convenient to rewrite the Boltzmann equations in terms of the dimensionless vari-
ables x = mχ/T and Yχ,χ¯ = nχ,χ¯/s, where s = 2pi2g?(T )T 3/45 is the entropy density. The
system (3.2) tranforms to
dYχ
dx
= −A(x) (YχYχ¯ − Y eqχ Y eqχ¯ ) ,
dYχ¯
dx
= −A(x) (YχYχ¯ − Y eqχ Y eqχ¯ ) , (3.6)
where the coefficient A(x) is defined as
A(x) ≡ s〈σv〉
xH
ζ(x), (3.7)
and ζ(x) is a temperature dependent variable related to the change in the number of degrees
of freedom
ζ(x) = 1− 1
3
d log g?
d log x
. (3.8)
Assuming that the entropy density is conserved (i.e. sa3 = const.) the variable Yχ(χ¯) may be
interpreted as the comoving number density of the particle (antiparticle) component3.
Since we have assumed that only interactions of the type χχ¯↔ XX¯ (where X denotes
a standard model particle) can change the particle number, we can write
Yχ − Yχ¯ = C, (3.9)
where C is a strictly positive constant which defines the asymmetry between the particles χ
and antiparticles χ¯. We have assumed that χ is the majority component and χ¯ the minority
3Many authors neglect the temperature evolution of g?(T ) and set ζ(x) = 1. However, as pointed out
by [26], the temperature dependence of these terms may have an appreciable effect on the final relic density.
For braneworld models in particular, annihilations can persist for an extended period after particle freeze-out
before the number density reaches its asymptotic value [17]. During this time the value of g? may vary by up
to an order of magnitude and the resulting relic density can be out by a factor of 2 if the full temperature
dependence of this term is not maintained. In what follows we only fix the number of relativistic degrees of
freedom (and in turn set ζ(x) = 1) in order to derive analytic solutions to the Boltzmann equations. However,
in our numerical analysis, the full temperature dependence is maintained.
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component. Here, we are not particularly interested in the mechanism which generates the
asymmetry, only that the asymmetry has been created well before particle freeze-out4.
The Boltzmann equations (3.6) can then be written
dYχ
dx
= −A(x) (Y 2χ − CYχ − P ) ,
dYχ¯
dx
= −A(x) (Y 2χ¯ + CYχ¯ − P ) , (3.10)
where
P ≡ Y eqχ Y eqχ¯ =
(
0.145 gχ
g?
)2
x3e−2x. (3.11)
The present day DM density is determined by solving the system (3.10) in the limit x→∞
with the total density being the sum of the χ and χ¯ densities
ΩDMh
2 = Ωχh
2 + Ωχ¯h
2
= 2.74× 108mχ [Yχ(∞) + Yχ¯(∞)] , (3.12)
where Y (∞) ≡ Y (x → ∞). Note that setting C = 0 only establishes an equality between
the particle and antiparticle number densities, i.e. nχ = nχ¯. The particles and anti-particles
are still distinct and they must be counted separately. For this reason the annihilation cross
section needed to produce the observed DM abundance in asymmetric models with C = 0 is
typically twice that of the symmetric case.
Using (3.9), we also see that the introduction of an asymmetry places a lower bound on
the relic density with ΩDMh2 > 2.74×108mχC. This is a characteristic feature of asymmetric
models in which the relic abundance is typically fixed by the asymmetry, C, as opposed to
the symmetric case where the annihilation cross section, 〈σv〉, determines the final density.
In the coming sections we will see that, if DM particle freeze-out occurs during a
braneworld expansion era, not only is the relic density enhanced with respect to the canonical
result, but that the asymmetric DM behaves very much like symmetric DM in that the relic
density is determined by the annihilation cross section and is independent of the asymmetry.
3.2 Density evolution
The evolution of the comoving number density in the braneworld scenario is determined from
the system of Boltzmann equations (3.10) with the expansion rate H(x) in the factor A(x)
obtained from the modified Freidmann equation (2.1). Numerical solution of the equations
was performed for an asymmetry C = 4 × 10−12 and a WIMP with mass mχ = 100 GeV,
gχ = 2 and annihilation cross section 〈σv〉 = 5 × 10−26 cm3s−1. The results are shown in
Figure 1. We have considered the two cases; M5 = 106 GeV and M5 = 105 GeV (recall that
smaller values ofM5 represent a greater departure from the standard expansion history). The
density evolution in the standard scenario is also shown for reference.
Initially both the χ and χ¯ components are in equilibrium and Yχ,χ¯ track their equi-
librium number densities Y eqχ,χ¯. As the universe expands, the interaction rate drops below
the expansion rate and the (anti)particles depart from equilibrium. The freeze-out point is
xf ∼ 20 in the standard scenario. From Figure 1 we see that the modified expansion rate in
4If the asymmetry in the dark sector is linked to the baryonic asymmetry as discussed in the introduction,
we would expect that nχ − nχ¯ ≈ nb − nb¯ ≈ 6 × 10−10nγ . Using the present entropy density s ' 7.04nγ [27]
gives an estimate for the dark sector asymmetry, C ∼ O(10−11).
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Figure 1. Evolution of the comoving number densities Yχ (solid blue) and Yχ¯ (dashed blue) as
a function of x in the RSII braneworld scenario with M5 = 106 GeV (left panel) and M5 = 105
GeV (right panel). The results have been calculated for an asymmetry C = 4 × 10−12 and a WIMP
with mass mχ = 100 GeV, gχ = 2 and annihilation cross section 〈σv〉 = 5 × 10−26 cm3s−1. Shown
for reference are the comoving densities of the majority and minority components in the standard
cosmology (red) as well as the equilibrium density Y eqχ¯ (black).
the braneworld cosmology leads to earlier particle freeze-out (xf ∼ 13 for M5 = 106 GeV and
xf ∼ 10 for M5 = 105 GeV). There is also an enhanced relic density. A comparison of the
left and right panels shows the effects are amplified for smaller values of M5 with the relic
density being boosted by a factor of ∼ 4 and ∼ 160 for M5 = 106 GeV and M5 = 105 GeV
respectively.
With the enhanced relic density, the asymmetry between the particles and antiparticles is
essentially ’washed’ out by the braneworld expansion era. Again this effect is most noticeable
for smaller values of M5 as can be seen in the right panel of Figure 1 where the number
densities of the χ and χ¯ components coincide.
An interesting feature of Figure 1 is the evolution of the comoving number densities in
the braneworld cosmology after particle freeze-out. The densities of the majority and minority
components continue to decay even after decoupling and do not reach their asymptotic values
until well after freeze-out. This behavior is characteristic of the RSII braneworld model where
the asymptotic density is not reached until the standard expansion rate is restored [17], which
for M5 = 105 GeV and M5 = 106 GeV occurs at xt ∼ O(103) and xt ∼ O(102) respectively5.
This highlights the importance of maintaining the temperature dependence of g?(T ) in the
numerical calculation.
3.3 Analytical solution
Although the Boltzmann equations (3.10) can not be solved exactly using analytical methods,
we can find approximate solutions in limiting cases. For example, once the DM species has
5For the interval xf < x < xt the comoving density in the braneworld cosmology behaves approximately
as Yχ,χ¯ ∼ 1/x [17].
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decoupled from the background thermal bath, the comoving number density Yχ(χ¯)  Y eqχ(χ¯)
due to the exponential decay of the equilibrium density (see Fig. 1). Hence the creation
term proportional to P in (3.10) can be neglected for x > xf (x¯f ) (where xf and x¯f are the
freeze-out points of the particle and antiparticle components respectively) and the reduced
expressions can be integrated directly to yield [13]
Yχ(∞) = C
1− exp{−C/Y(s)(∞)} , (3.13)
Yχ¯(∞) = C
exp
{
C/Y(s)(∞)
}− 1 , (3.14)
where
Y(s)(∞) '
[∫ ∞
xf
A(x) dx
]−1
. (3.15)
The subscript (s) in Y(s)(∞) is used to indicate that (3.15) is the asymptotic solution for a
symmetric DM species χ = χ¯ 6. To obtain (3.13) and (3.14) we have assumed that the freeze-
out points of the particles, χ, and antiparticles, χ¯, are approximately equal, i.e. xf ' x¯f , and
thus the approximate solutions satisfy (3.9). We have also neglected the contribution from
1/Y (xf ) since we expect Y (xf ) Y (∞) [25, 26].
The density of the χ and χ¯ components depends sensitively on the ratio C/Y(s)(∞). For
large values of this ratio the contribution from the minority component (Yχ¯) is exponentially
suppressed and the density of the majority component approaches the asymmetry, Yχ(∞) '
C. When this ratio is small, the asymmetry C drops out of the expressions (3.13) and (3.14)
and each component behaves like symmetric dark matter, Yχ(∞) ' Yχ¯(∞) ' Y(s)(∞). This
second case is illustrated in the right panel of Figure 1 where the braneworld expansion
rate has boosted the value of Y(s)(∞) such that the χ and χ¯ densities are indistinguishable.
The important quantity is the ratio C/Y(s)(∞), so that even for large asymmetries C the
asymmetric DM can appear symmetric if the magnitude of Y(s)(∞) is large enough.
Substituting (3.13) and (3.14) into (3.12) we obtain an approximate expression for the
relic density ΩDMh2,
ΩDMh
2 ' 2.74× 108mχC coth
(
C
2Y(s)(∞)
)
, (3.16)
which in the two limiting cases discussed above becomes,
ΩDMh
2 '
{
2× 2.74× 108mχ Y(s)(∞), C/Y(s)(∞) 1,
2.74× 108mχC, C/Y(s)(∞) 1.
(3.17)
So far in this subsection we have not made any reference to the specific form of the
integrand A(x) in (3.15). This means that the arguments which have been developed can
be applied to any cosmological scenario in which the relic density obeys (3.10). Indeed these
6The Boltzmann equation for a symmetric DM species, χ = χ¯, is given by,
dY
dx
= −A(x) (Y 2 − Y 2eq) ,
where A(x) is given in (3.7) and Yeq ' 0.145 (gχ/g?)x3/2e−x.
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effects have already been demonstrated for the quintessence [14, 15] and scalar-tensor [15]
scenarios. Both of these models predict an enhanced expansion rate at the epoch of dark
matter decoupling which was found to ’wash out’ the asymmetry between the particles and
antiparticles.
Focusing on the RSII braneworld cosmology, the integral (3.15) has been computed
in [17] for the expansion rate (2.1) and in the limit xt  xf becomes7
Y RS(s) (∞) '
2.04xt√
g?mχMPl〈σv〉 . (3.18)
This expression is only valid if particle freeze-out occurs during the braneworld era H ∼ ρ .
Thus, for smaller mass particles (which freeze out at lower temperatures), a later transition
point (smaller M5), is required for this approximation to hold. If DM decoupling occurs after
the transition point, when the RSII expansion rate has reduced to the standard one, the
canonical result is recovered,
Y ST(s) (∞) '
3.79xSTf√
g?mχMPl〈σv〉 , (3.19)
where xSTf is the freeze-out point in the standard scenario. Inserting (3.18) into (3.13)
and (3.14) we see that, if either the annihilation cross section or the value of M5 is large, we
expect the χ¯ component to be exponentially suppressed, provided that C/Y(s)(∞) & O(1),
and the density of the majority component to be fixed by the asymmetry, Yχ ' C. If 〈σv〉 and
M5 are small, such that C/Y(s)(∞) . O(1) (and xt  xSTf ), then the dark matter particles
behave like symmetric dark matter and the relic density, using (3.17), is given by,
ΩRSDMh
2 ' 1.12× 109 xt√
g?MPl〈σv〉 . (3.20)
Comparing the relic density in the braneworld case with the standard cosmology result, we
see that the abundance is boosted by a factor of [17],
ΩRS
ΩST
' 0.54 xt
xSTf
. (3.21)
Therefore larger values of the transition point xt will result in greater enhancements of the
DM relic abundance as we expected. To compensate, the annihilation cross section will have
to be increased in order to provide the observed relic abundance (1.1).
4 Relic density constraints
The magnitude of the five dimensional Planck mass, M5, and the asymmetry, C, can be
constrained by the observed DM relic density (1.1). In Figure 2 we plot the contours in the
(〈σv〉,m100C) plane which give the correct relic abundance for varying M5. The red and
green curves correspond toM5 = 106 GeV andM5 = 105 GeV respectively and the blue curve
gives the standard cosmology result. We have considered both mχ = 100 GeV (solid) and
mχ = 10 GeV (dashed).
7To evaluate the integral (3.15) the number of relativistic degrees of freedom g?(T ) has been fixed, i.e.
g?(T ) = g? = const. We find that the most appropriate value of g?(T ) in the analytic expressions (3.18)
and (3.19) is given by g?(Tt) and g?(Tf ) respectively, where Tt = mχ/xt is the transition temperature and
Tf = mχ/xf is the freeze-out temperature.
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C
Figure 2. Contours in the (〈σv〉,m100C) plane which satisfy the relic abundance bound ΩDMh2 =
0.1187 [2] for varying M5. The solid blue, red and green curves represent the standard, M5 = 106
GeV and M5 = 105 GeV scenarios respectively for a WIMP with mass mχ = 100 GeV. The dashed
curves give the corresponding scenarios with mχ = 10 GeV.
Two distinct regions are apparent. In the first, the curves are vertical and the relic
abundance is independent of the asymmetry. In this region the ratio C/Y(s)(∞) is small and
the χ and χ¯ components behave like symmetric DM where the density is determined by the
annihilation cross section, see (3.17), (3.18) and(3.19). As the asymmetry increases so does the
magnitude of the ratio C/Y(s)(∞) and the contours transition into a region which is strongly
asymmetric, i.e. the relic density is now fixed by the asymmetry C and is independent
of the annihilation cross section. In this regime the density of the minority component is
exponentially suppressed and the DM abundance is given by ΩDMh2 ∼ mχYχ ∼ mχC. For
the observed density (1.1) this occurs at m100C = 4.33× 10−12 8.
Each of the iso-abundance contours is accurately described by the relation,
〈σv〉 ∼ 1
C
coth−1
(ω
C
)
, (4.1)
where ω = ΩDMh2/(2.74×108mχ)9. The appropriate form of (4.1) depends on whether we are
in the region xf < xt or xf > xt, in which case we would use the approximate formulas (3.18)
or (3.19) respectively. In the first case, freeze-out occurs prior to the transition point and the
annihilation cross section is shifted to larger values as the magnitude of M5 decreases (or as
8There is also an intermediate region where the abundance depends on both the asymmetry and the
annihilation cross section. Here the minority component freezes out shortly after the majority component and
their final densities are comparable. For a discussion on each regime and their relation to the freeze-out of
the χ and χ¯ components see [15].
9Again, this will be true of any cosmology in which the symmetric solution Y(s)(∞) ∼ 1/〈σv〉.
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Figure 3. The required annihilation cross section in the braneworld scenario as a function of the
five dimensional Planck mass M5. The results have been calculated for varying asymmetries with
mχ = 10 GeV (left panel) and mχ = 100 GeV (right panel).
xt increases). The shift is more pronounced for the mχ = 100 GeV case since these particles
freeze-out earlier compared to the mχ = 10 GeV particles (see the discussion in section 2).
Using the observed relic density (1.1) we can also determine the required annihilation
cross section as a function of the five dimensional Planck massM5. These results are shown in
Figure 3 for different values of the asymmetry C. The left panel corresponds to a WIMP with
massmχ = 10 GeV and the right panel tomχ = 100 GeV. In each plot we see that the required
annihilation cross section is increased by up to several orders of magnitude compared to the
standard result (see the blue curves in Figure 2). From the earlier discussion (see section 2)
we recall that the annihilation cross section is only enhanced if freeze-out occurs during a
braneworld type expansion era, i.e. for xf < xt. In the standard cosmology freeze-out occurs
at approximately xSTf ∼ 20 so we require xt & 20. Using the definition of xt, (2.3), this
corresponds to M5 . 9 × 105 GeV and M5 . 5 × 106 GeV for mχ = 10 GeV and mχ = 100
GeV respectively. In this region the curves approximately obey
〈σv〉 ∝ mχ
ΩDMh2
M
−3/2
5 . (4.2)
For larger values of M5 (smaller xt) the standard expansion law is recovered prior to DM
decoupling and the curves saturate to the standard result.
5 Annihilation rate for asymmetric DM
The modified expansion rate in the braneworld scenario requires an enhanced annihilation
cross section in order to provide the observed DM density. In this section we discuss the impact
this result has on the annihilation rate of asymmetric DM, Γ(a). We find that although the
density of the minority component is exponentially suppressed in asymmetric DM models,
the increased annihilation cross section may compensate for this and produce an amplified
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detection signal. This effect has been pointed out by [15] for the kination and scalar-tensor
scenarios and is in contrast to the usual expectation that the asymmetric signal is reduced
with respect to the symmetric one.
To compare the expected detection signals in the two cases we first write the annihilation
rate of symmetric dark matter in the standard scenario [15],
ΓST(s) =
1
2
〈σsv〉ST
(
ρDM
mχ
)2
, (5.1)
where 〈σsv〉ST is the self annihilation cross section of the self-conjugate particles χ = χ¯ in
the standard cosmological scenario, ρDM is the DM energy density, ρDM = ΩDMρc (where ρc
is the critical density), and the factor of 1/2 is necessary since the annihilating particles are
identical. The required annihilation cross section in the standard scenario is found numerically
to be 〈σsv〉ST = 2.03× 10−26 cm3s−1 for mχ = 100 GeV and 〈σsv〉ST = 2.21× 10−26 cm3s−1
for mχ = 10 GeV.
The annihilation rate for asymmetric dark matter in the braneworld scenario can be
written, using (3.9) and (3.12), as
Γ(a) = 〈σv〉
ρχρχ¯
m2χ
= 〈σv〉
(
ρDM
mχ
)2 YχYχ¯
(Yχ + Yχ¯)2
, (5.2)
and the ratio of the two annihilation rates is then
Γ(a)
ΓST(s)
=
〈σv〉
〈σsv〉ST
2YχYχ¯
(Yχ + Yχ¯)2
. (5.3)
Once the relic density ΩDMh2 has been specified, the damping factor γ ≡ 2YχYχ¯/(Yχ + Yχ¯)2
can be expressed explicitly in terms of the asymmetry C;
γ ≡ 2YχYχ¯
(Yχ + Yχ¯)2
=
ω2 − C2
2ω2
, (5.4)
where ω = ΩDMh2/(2.74 × 108mχ). The magnitude of this factor varies from γ ' 1/2
for small C to γ = 0 at C = ω. This relationship has been plotted in Figure 4 for the
observed DM density (1.1) where we see that, for m100C . 4 × 10−12, the damping factor
γ ∼ O(10−1) and then rapidly drops to zero thereafter. Given that the required annihilation
cross section can be several orders of magnitude larger in the braneworld scenario compared
to the symmetric one in the standard cosmology (see Figure 3), the ratio of the annihilation
cross sections in (5.3) can easily compensate for the asymmetric damping factor for a large
range of asymmetries, C.
The ratio Γ(a)/ΓST(s) , given by (5.3), can be evaluated using the cross sections calculated in
the previous section. This ratio is shown in Figure 5 as a function ofM5 for different values of
the asymmetry C. As predicted, the asymmetric annihilation rate in the braneworld scenario
can exceed the symmetric one in the standard scenario for a significant region of the parameter
space. In particular we find that, for m100C = 10−12 and M5 = 105 GeV, the asymmetric
signal is ∼ 200(20) times larger than the symmetric signal in the standard cosmology for
mχ = 100(10) GeV. Even larger asymmetries such as m100C = 4×10−12 can produce a signal
enhanced by a factor of ∼ 60(6) for mχ = 100(10) GeV.
Although enhanced signals for asymmetric DM are possible in the braneworld scenario
for certain parameter combinations, it is important to check that such combinations satisfy
the observational constraints on the DM annihilation cross section. In the next section we
review our results in light of the gamma ray data from the Fermi space telescope.
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Figure 4. The asymmetric damping factor defined in (5.4) as a function of m100C where m100 is
the DM mass in units of 100 GeV and C is the DM asymmetry.
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Figure 5. Ratio of the asymmetric annihilation rate in the braneworld cosmology to the symmetric
annihilation rate in the standard scenario as a function of M5 with mχ = 10 GeV (left panel) and
mχ = 100 GeV (right panel). The horizontal dashed line corresponds to Γ(a) = ΓST(s) .
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Figure 6. Same as Figure 2 with Fermi-LAT bounds [28] (dashed-pink) superimposed for mχ = 10
GeV (left panel) and mχ = 100 GeV (right panel).
6 Fermi-LAT constraints
In addition to the relic density observation, data is available from the Fermi Large Area
Telescope (Fermi-LAT) which searches for gamma rays from satellite galaxies of the Milky
Way, such as those originating from DM annihilations [28]. Depending on the annihilation
channel, the gamma ray data can be used to place upper bounds on the DM annihilation cross
section assuming the DM species constitutes all of the DM density. Therefore, the predicted
asymmetric detection signal will satisfy the Fermi bound if,
Γ(a)
ΓFermi
=
〈σv〉
〈σsv〉Fermi
2YχYχ¯(
Y 2χ + Y
2
χ¯
) < 1, (6.1)
where 〈σsv〉Fermi is the inferred cross section bound from the Fermi gamma ray data. In terms
of the asymmetric annihilation cross section, 〈σv〉, and asymmetry, C, this condition can be
expressed as (using (5.3)),
C > ω
(
1− 2〈σsv〉Fermi〈σv〉
)1/2
. (6.2)
In Figure 6 we superimpose these constraints on the iso-abundance contours of Figure 2 (the
constraints are shown as the pink dashed curves with the area beneath the curves excluded
for that particular annihilation channel). For illustration we have only displayed the bounds
for the χχ¯→ bb¯ and χχ¯→ µ+µ− channels which, for a WIMP with mass mχ = 100 GeV, are
〈σv〉Fermi = 1.31 × 10−25 cm3s−1 and 〈σv〉Fermi = 1.38 × 10−24 cm3s−1 respectively. For the
mχ = 10 GeV case the bounds are more stringent with 〈σv〉Fermi = 2.90× 10−26 cm3s−1 and
〈σv〉Fermi = 2.01× 10−25 cm3s−1 for the respective channels.
The results in Figure 5 should be compared with the constraints displayed in Figure 6 in
order to determine which combinations ofM5 and C simultaneously satisfy the Fermi bounds
whilst predicting an enhanced detection signal, Γ(a) > ΓST(s) . For example, for the combination
mχ = 100 GeV and M5 = 106 GeV, we see from the right panel of Figure 6 that all values
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Figure 7. The allowed regions in the (〈σv〉, C) plane which give an enhanced annihilation cross
section for mχ = 10 GeV (left panel) and mχ = 100 GeV (right panel). The darker shaded area
corresponds to the region which satisfies the χχ¯ → bb¯ bound and the combination of the dark and
lighter shaded regions satisfy the χχ¯→ µ+µ− bound [28].
of the asymmetry C are permitted by the Fermi-LAT data. Then, from the right panel of
Figure 5 we can see that for this value of M5, the asymmetric annihilation rate is amplified,
Γ(a) > Γ
ST
(s) , for asymmetries up to C ∼ 4 × 10−12. In general, it is possible to have an
enhanced annihilation rate which is consistent with the Fermi-LAT data, if the asymmetric
annihilation cross section, 〈σv〉, and asymmetry C, satisfy
〈σsv〉ST < γ〈σv〉 < 〈σsv〉Fermi, (6.3)
where γ is the damping factor defined in (5.4). This region is plotted in Fig. 7 and depends
upon the appropriate annihilation channel.
7 Conclusions
In this article we have investigated the relic density and observational signatures of asym-
metric dark matter models in the braneworld cosmology. We have found that the decoupling
of asymmetric dark matter and the evolution of the particle/antiparticle number densities is
modified in the RSII braneworld scenario. In particular, the enhanced braneworld expansion
rate leads to earlier particle freeze-out and an enhanced relic density. Additionally, the asym-
metry between the DM particles and antiparticles is ’washed’ out by the modified expansion
rate and the relic abundance is determined by the annihilation cross section 〈σv〉. In this
respect the nominally asymmetric model behaves like symmetric dark matter. This effect
was demonstrated analytically in section 3.3 where we derived approximate expressions for
the densities of the majority and minority DM components in the braneworld scenario and is
consistent with other investigations of asymmetric dark matter in non-standard cosmologies
which predict an enhanced expansion rate during the epoch of dark matter decoupling [14, 15].
Importantly, we have also accounted for the variation in the number of relativistic degrees
of freedom as a function of temperature, g?(T ), in our numerical solution of the Boltzmann
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equation. This variation is particularly pertinent for the RSII braneworld model in which
asymptotic behaviour of the number densities is not achieved until well after decoupling.
Fixing g?(T ) = const. in the numerical integration can result in relic density predictions
which are out by a factor of ∼ 2 depending on the magnitude of M5.
Finally, in order to provide the observed relic density (1.1) the annihilation cross section
must be boosted to compensate for the enhanced expansion rate. In this instance we find that
the annihilation rate, Γχ(χ¯) ∝ 〈σv〉, of asymmetric DM in the braneworld cosmology is larger
than the symmetric signal in the standard scenario despite the suppressed abundance of the
minority DM component. This effect is contrary to the usual expectation which presumes
a weaker asymmetric detection signal. We have also shown that it is possible to produce
an amplified asymmetric detection signal which satisfies the observational constraints from
Fermi-LAT [28].
Additional data from Fermi-LAT and other indirect detection probes [29, 30] may further
constrain the dark matter particle properties and in the process shed light on the cosmological
conditions prior to BBN.
Very recently new information about the very early universe has been provided by the
BICEP2 experiment [32] which detected B-mode polarization of the CMB, indicating a large
tensor-to-scalar ratio r = 0.20+0.07−0.05. These primordial tensor perturbations are strong evidence
of gravitational waves and are a generic prediction of inflationary cosmological models with
large energy density [33, 34]. Whereas the BICEP2 result of ns ' 0.96 for the infrared tilt of
the scalar perturbations ns is in agreement with Planck [46] andWMAP and supports slow roll
models of inflation, the BICEP2 result for r is in some tension with the Planck observations
[35] that give r < 0.11 and which favour Starobinsky R+R2 inflation [36, 37] that predicts
r = 0.003. The BICEP2 value for r is consistent with simple single scalar field φ models of
chaotic inflation with a quadratic self-interaction V (φ) = mφ2/2 [38] that predict r ' 0.16.
Although aspects of the BICEP2 analysis require further investigation, if the BICEP2 result
for r is confirmed then it is of interest to note that such a value follows naturally from RSII
braneworld cosmology. Slow roll chaotic inflation in RSII braneworld cosmologies for a single
field with a monomial potential V (φ) = V0φp has been the subject of several investigations.
Although early studies [39, 40] found that the ratio of tensor-to-scalar modes was suppressed
for inflation at high energy scales ρ σ, subsequent investigations [41–45] found instead an
enhancement. Specifically, the spectral index, ns, and tensor-to-scalar ratio, r, in the RSII
braneworld scenario are given respectively by
ns − 1 = −2(2p+ 1)
N(p+ 2)
,
r =
24p
N(p+ 2)
, ρ σ,
where N is the number of e-folds10. For a quadratic potential and N ≈ 55− 60, the values of
ns and r agree closely with the BICEP2 result.
References
[1] G. Bertone, D. Hooper and J. Silk, Particle Dark Matter: Evidence, Candidates and
Constraints, Phys. Rept. 405 (2005) 279.
10Slightly different forms of the denominator in the expression for r are given in the literature. For example,
[41] give N(p+ 2) + p− 1 whereas [44, 45] give N(p+ 2) + p.
– 16 –
[2] O. Lahav and A. Liddle [Paticle Data Group], Cosmological parameters, arXiv:1401.1389
[3] R. Catena et al., Thermal Relics in Modified Cosmologies: Bounds on Evolution Histories of
the Early Universe and Cosmological Boosts for PAMELA, Phys. Rev. D 81 (2010) 123522
[4] D. Bauer et al., Dark Matter in the Coming Decade: Complementary Paths to Discovery and
Beyond, arXiv:1305.1605
[5] J. Kumar, Asymmetric Dark Matter, arXiv:1308.4513
[6] M. L. Graesser, I. M. Schoemacher and L. Vecchi, Asymmetric WIMP dark matter,
arXiv:1103.2771
[7] D. Kaplan, M. Luty and K. Zurek, Asymmetric Dark Matter, Phys. Rev. D 79 (2009) 115016
[8] D. Hooper, The Empirical Case For 10 GeV Dark Matter, Phys. Dark. Univ. 1 (2012) 1-23.
[9] R. Bernabei et al. [DAMA collaboration], First results from DAMA/LIBRA and the combined
results with DAMA/NaI, Eur. Phys. J C56 (2008) 333
[10] C. Aalseth et al. [CoGeNT collaboration], CoGeNT: A Search for Low-Mass Dark Matter using
p-type Point Contact Germanium Detectors, Phys. Rev. D, 88 (2012) 012002
[11] T. Lin, H.-B. Yu and K. M. Zurek, Symmetric and asymmetric light dark matter, Phys. Rev. D
85 (2012) 063503
[12] I.-W. Kim and K. M. Zurek, Flavor and collider signatures of asymmetric dark matter, Phys.
Rev. D 89 (2014) 035008
[13] H. Imminiyaz, M. Drees and X. Chen, Relic Abundance of Asymmetric Dark Matter, JCAP
1107 (2011) 003.
[14] H. Iminniyaz and X. Chen, Relic Abundance of Asymmetric Dark Matter in Quintessence,
arXiv:1308.0353
[15] G. Gelmini, J. Huh and T. Rehagen, Asymmetric Dark Matter Annihilation as a Test of
Non-Standard Cosmologies, JCAP 1308 (2013) 003.
[16] D. Langlois, Brane Cosmology: An Introduction, arXiv:hep-th/0209261
[17] N. Okada and O. Seto, Relic Density of Dark Matter in Brane World Cosmology, Phys. Rev. D
70 (2004) 083531.
[18] T. Nihei, N. Okada and O. Seto, Neutralino dark matter in brane world cosmology, Phys. Rev.
D 71 (2005) 063535.
[19] T. Nihei, N. Okada and O. Seto, Light W-ino dark matter in brane world cosmology, Phys. Rev.
D 73 (2006) 063518.
[20] E. Abou El Dahab and S. Khalil, Cold dark matter in brane cosmology scenario, JHEP09
(2006) 042
[21] W.-L. Guo and X. Zhang, Constraints on dark matter annihilation cross section in the
brane-world and quintessence scenarios, Phys. Rev. D 79 (2009) 115023
[22] L. Randall and R. Sundrum, An Alternative to Compactification, Phys. Rev. Lett. 83 (1999)
4690.
[23] K. Ichiki et al., Observational Constraints on Dark Radiation in Braneworld Cosmology, Phys.
Rev. D 66 (2002) 043521
[24] K. Maeda and D. Wands, Dilaton Gravity on the Brane, Phys. Rev. D 62 (2000) 124009
[25] E. Kolb and M. Turner, The Early Universe, Addison Wesley (Redwood City) (1990).
[26] G. Steigman, B. Dasgupta and J. Beacon, Precise Relic WIMP Abundance and its Impact on
Searches for Dark Matter Annihilation, Phys. Rev. D 86 (2012) 023506.
– 17 –
[27] K. Olive and J. Peacock [Particle Data Group], Big Bang Cosmology, Phys. Rev. D 86 (2012)
010001
[28] M. Ackerman et al. [Fermi-LAT collaboration], Dark Matter Constraints from Observations of
25 Milky Way Satellite Galaxies with the Fermi Large Area Telescope, arXiv:1310.0828
[29] M. Aguilar et al. [AMS collaboration], First Result from the Alpha Magnetic Spectrometer on
the International Space Station: Precision Measurement of the Positron Fraction in Primary
Cosmic Rays of 0.5 to 350 GeV, Phys. Rev. Lett. 110 (2013) 141102
[30] O. Adriani et al. [PAMELA collaboration], Cosmic-Ray Positron Energy Spectrum Measured by
PAMELA, Phys. Rev. Lett. 110 (2013) 081102
[31] J. D. Barrow, Massive particles as a probe of the early universe, Nucl. Phys. B 208 (1982) 501
[32] P. A. R. Ade et al. [BICEP2 Collaboration], BICEP2 I: Detection of B-mode polarization at
degree angular scales, arXiv:1403.3985
[33] J. Ellis et al., Resurrecting quadratic inflation in no-scale supergravity in light of BICEP2,
arXiv:1403.4718
[34] J. Ellis et al., A no-scale inflationary model to fit them all, arXiv:1405.0271
[35] K. M. Smith et al., On quantifying and resolving the BICEP2/Planck tension over gravitational
waves, arXiv:1404.0375
[36] A. A. Starobinsky, A new type of isotropic cosmological models without singularity, Phys. Lett.
B 91 (1980) 99
[37] A. A. Starobinsky, The perturbation spectrum evolving from a nonsingular, initially de Sitter
cosmology, and the microwave background anisotropy, Sov. Astron. Lett., 9 (1983) 302
[38] A. D. Linde, Recent progress in the inflationary universe scenario, Nucl. Phys. B, 252 (1985)
153
[39] R. Maartens et al., Chaotic inflation on the brane, phys. Rev. D 62 (2000) 041301(R)
[40] D. Langlois, R. Maartens and D. Wands, Gravitational waves from inflation on the brane,
Phys. Lett. B 489 (2000) 259
[41] A. R. Liddle and A. J. Smith, Observational constraints on braneworld chaotic inflation, Phys.
Rev. D 68 (2003) 061301(R)
[42] S. Tsujikawa, M. Sami and R. Maartens, Observational constraints on braneworld inflation:
The effect of a Gauss-Bonnet term, Phys. Rev. D 70 (2004) 063525
[43] S. Tsujikawa and A. R. Liddle, Constraints on braneworld inflation from CMB anisotropies,
JCAP 0403 (2004) 001
[44] R. Zarrouki, Z. Sakhi and M. Bennai, On braneworld inflation models in light of WMAP7 data,
Gen. Relativ. Gravit. 43 (2011) 1515
[45] G. Calcagni et al. , Strong Planck constraints on braneworld and non-commutative inflation,
arXiv:1310.5186
[46] P. A. R. Ade et al. [Planck Collaboration], Planck 2013 results. XXII. Constraints on inflation,
arXiv 1303.5082
– 18 –
